Rapidly moving storm crossing the shelf from shallow water to deep water can generate tsunami-like waves which can cause local flooding and damage to docks when the waves hit the coast. We report on laboratory experiments to examine the reflection of waves generated by a moving disturbance from the shelf. Experiments are performed in a two-layer fluid consisting of a layer of oil based ferrofluid lying on top of a layer of water with step bottom. The disturbance is generated by a permanent magnet moving above the surface of ferrofluid. Digital images of the flow are analyzed to obtain the evolution of the wave field. The experimental flows demonstrate two distinct regimes, namely subcritical when the speed of the magnet is less than the phase speed of the wave, and supercritical when the speed of the magnet is greater than the phase speed of the wave. In subcritical regime the disturbance is localized and its size is determined by the spatial extent of the forcing. In supercritical regime the waves form two beams extending at "Mach angle" with respect to the direction of motion. Oblique wave incident on the shelf can experience total reflection if the angle between the wave front and the shelf is greater than a critical value.
INTRODUCTION
It was recently reported (Mercer et al., [1] ) that intense waves were observed at the southeast coast of Newfoundland on two occasions in 1999 and 2000. These waves, which caused local flooding and damage to structures at the shore were very unusual for Newfoundland. In fact they were dynamically similar to tsunamis (long barotropic gravity waves) which are often caused by seismic events. However, there was no evidence of seismic events on either occasions. It turns out that the waves were caused by tropical storms Helene and Jose when they crossed the Newfoundland shelf. Simply put, a storm which is a low pressure system, generates a bump in the ocean. The elevation of the surface is very low (a few cm) but the horizontal dimensions are significant (tens of km), of the order of the atmospheric disturbance itself. The potential energy of such a system is therefore very large and can be translated to destructive force if released. Fortunately, the oceanic disturbance normally travels with the atmospheric storm without significant radiation of waves. Special circumstances are required to cause the radiation. In our case these circumstances are provided by two geographical features of the Grand Banks, namely the mean depth of the ocean over the shelf and the steep slope of the edge of the shelf. The first feature is responsible for the fact that the storm creates a disturbance of significant amplitude. The phase speed of the long barotropic wave over the shelf is approximately 30 m/s is close to translational speed of the storms. When the storm moves with a speed equal or slightly higher than the phase speed of the waves the response of the ocean is of resonant nature and therefore of maximum amplitude. The second feature of the shelf, namely the abrupt change of depth provides the condition necessary for generation of the translating wave due to almost total reflection of the incident wave from the edge of the shelf.
In a new series of experiments reported herein we study a laboratory model of this natural phenomenon. The main objective of the proposed study is to investigate in the laboratory the dynamics of the wave emission and their reflection/refraction at the edge of the shelf for different parameters of the moving disturbance so as to be able to predict the exact circumstances when the waves occur in the environment.
LABORATORY APPARATUS AND TECHNIQUE
Our experiments were carried out in a glass tank of horizontal dimensions 30×40 cm and of height 10 cm (Fig. 1) . The tank was filled with a two-layer fluid consisting of a thin layer of the solution of ferrofluid in low-viscosity mineral oil and a layer of water. A layer of ferrofluid of density ρ 1 = 890 g cm -3 was of thickness 1cm. A glass shelf mounted on thin supporting rods occupied one half of the tank, so that the depth of the shallow water layer above the shelf was h s = 0.4 cm while the depth of the rest of the water layer was h d = 6 cm. Ferrofluids are used in industry and were introduced for the studies of flows of geophysical and astrophysical interest by Ohlsen and Rhines [2] . Ferrofluid is a dilute suspension of magnetite particles of order 10 nm diameter in mineral oil. A surfactant coating on the particles allows them to stay separate due to thermal motions in the fluid. The ferrofluid was diluted with mineral oil at a volume ratio of about 1:20 (ferrofluid : oil). Permanent ferrite magnets of different size were used to generate waves in the ferrofluid. Round magnets of different diameters d = 2.3 -7.5 cm were used to model the form of the disturbance created by a storm, while a bar of length 15 cm and width 2.5 cm was used to model a plane wave. The value of saturation magnetization of the ferrofluid is high enough, such that the magnetic field of approximately 0.09 T provided by the magnets is more than enough to generate waves of significant amplitude at the interface between the ferrofluid and water. The magnets were moved along the glass cover of the tank at a distance of approximately 1 cm from the surface of the ferrofluid. Typical shape of the disturbance created by the magnet in the ferrofluid layer was of the form of a bulge of the horizontal size similar to that of the magnet. The amplitude of the bulge was approximately 0.2 -0.3 cm at the interface and was negligible at the surface of the layer.
To visualize the flow the interface was illuminated at oblique angle from below by a slide projector. A slide with black and white stripes was used to project the pattern of stripes on the interface. The perturbations of the interface distort the stripes pattern that allows one to observe the waves of small amplitude. The bottom images of the flow were taken with a digital video camera with an array resolution of up to 1288 * 1032 pixels. Video frames were recorded directly into computer memory buffers with the frame rate of 10 fps. Images from a video recording of the flow were then processed digitally by subtracting the consecutive images of the flow from each other with 0.1 s interval to eliminate the background and to show only the regions of the flow where the unsteady motion takes place. This procedure is in fact equivalent to differentiation with respect to time. The difference can then be multiplied by an arbitrary constant to further enhance the perturbations
THEORY
The flow induced by a moving pressure disturbance is similar to the flows over topography if the free-slip condition is implied and the amplitude of the disturbance is small. The flows of the stratified fluid over topography have been extensively studied (e.g. Baines [3] ). In the oceanographic context, the problem of the response of the ocean to a moving disturbance was also considered for two-layer ocean by Geisler [4] . To illustrate the main features of the system dynamics consider for simplicity an unbounded, inviscid one-layer fluid. Waves are forced by a negative pressure disturbance (atmospheric storm) moving over the surface. The coordinate system in the horizontal plane (x, y) has origin at the center of the disturbance and is moving with it in the negative x-direction with velocity U. Shallow-water equations can be used to describe the motion 
Equation (4) Consider now the problem of propagation of water waves in a fluid of variable depth, in particular over the steplike topography. The shallow-water problem was considered by originally Lamb [5] to obtain the reflection and transmission coefficients for the waves propagating normally to the shelf. Newman [6] considered this problem without the restrictions of the shallow-water theory. Miles [7] gave a more complete analysis which included obliquely incident waves. In stationary fluid of uniform depth linear non-hydrostatic solution in the form of the propagating wave
Here l = ksinθ is the y-component of the wave vector k for the wave traveling at an angle θ with respect to the a-axis (Fig. 2) . According to Newman the reflection coefficient defined as the ratio of the amplitude of the reflected wave to the amplitude of the incident wave, is a decaying function of parameter 
where ρ 1 and ρ 2 are the densities of the upper and lower layers of depths H 1 and H 2 . The phase velocity of the wave in the shallow and deep regions of the experimental tank is shown in Fig. 4 for different values of the wavelength.
EXPERIMENTAL RESULTS
The first series of experiments was conducted to investigate the characteristics of the wave generated by the forcing of different spatial extent. The magnets were moved either over the deep region or over the shallow region of the tank. The size of the magnets and their speed were varied. Typical image of the flow is given in Fig. 5 . The magnet was moved along the edge of the shelf so that the wave in both the shallow region (right) and in the deep region (left) of the tank can be observed. It is clear that the "Mach angle" φ is smaller at the shallow region where the phase velocity is smaller than that in the deep region. The measurements of φ for magnets of different diameter allows one to obtain the dependence of the wavelength of the wave on the size of the magnet. Direct measurements of the wavelength from the experimental images turned out to be very inaccurate because the wave consists typically of a single bump. It can be considered therefore as a wave packet rather than a continuous monochromatic wave. The effective wavelength can still be determined using the experimental data on the Mach angle together with the dispersion relationship (6) . The dependence of the angle φ on the speed of the magnet U is demonstrated in Typical view of the flow in the subcritical regime is shown in Fig.7 . The disturbance is localized below the magnet and its size is close to that of the magnet. It is clear that when the magnet travels with the speed greater than the phase speed of the wave in the shallow region but smaller than the phase speed in the deep region the response of the fluid is supercritical in the shallow region and subcritical in the deep region. The adjustment of the wave from supercritical to subcritical state occurs when the magnet crosses the edge of the shelf. In the ocean where the phase speed of the wave in the deep water is approximately three times the speed in shallow water, the transition between the regimes is apparent. In the laboratory the difference between the values of the phase speed is approximately 50% so that this transition is difficult to observe. The transition is associated with the separation of the wave beams. These beams are transformed into freely traveling waves and suffer reflection at the edge of the shelf (Fig. 7) . The angle between the wave front (beam) and the shelf is important here since the total reflection can occur when this angle is greater than the critical angle θ c .
To investigate the phenomenon of total reflection in more detail we used a bar magnet to model a forced planar wave. The bar was towed at different angles to the shelf. The reflection of the wave from the edge of the shelf was observed (Fig. 8) (Fig.9) . ). The value of the critical angle obtained in this experiment is in agreement with the theoretical prediction (Fig. 3) .
CONCLUSIONS
In this paper we investigate the propagation of waves over the shelf. An experimental method for generation of forced waves by a permanent magnet in the two-layer fluid (ferrofluid, water) was developed. The experimental flows demonstrate two distinct regimes, namely subcritical when the speed of the magnet is less than the phase speed of the wave, and supercritical when the speed of the magnet is greater than the phase speed of the wave. In subcritical regime the disturbance is localized and its size is determined by the spatial extent of the forcing. In supercritical regime the waves form two beams extending at "Mach angle" with respect to the direction of motion. The phenomenon of total reflection of the wave from the edge of the shelf was also demonstrated in the experiments with plane waves. 
